We propose three small sets of barrier heights for heavy-atom transfer, nucleophilic substitution, and unimolecular and association reactions as benchmarks for comparing and developing theoretical methods. We choose the data sets to be statistically representative subsets of the NHTBH38/04 database. Each data set consists of 6 barrier heights;
Introduction
Data sets composed of experimental and high-level electronic structure results are very useful for assessing the performance of new theoretical methods. Examples of such data sets are G2/97, [1] [2] [3] G3/99, [2] [3] [4] Database/3, 5 and NHTBH38/04. 6 These databases usually contain a large number of data to ensure diversity. But a disadvantage of using them to test new methods is that it requires a burdensomely large number of calculations, which is not always affordable. Hence, it is useful to develop a smaller set of data that is representative of the larger database and can be used more conveniently as a benchmark. With this motivation, our group has developed small representative benchmarks suites 7 for the atomization energies and hydrogen-transfer (HT) reactions in Database/3. These benchmark suites have been widely used because of their efficiency. In this paper we develop new small benchmark suites for non-hydrogen-transfer (non-HT) reactions.
The non-HT database NHTBH38/04 contains 38 barrier heights (BH) for heavy-atom transfer (HAT), nucleophilic substitution (NS), and unimolecular and association (UA) reactions.
Because it can be expensive to use this suite, we present here a subset of data that has statistical errors close to those exhibited by the entire set, in particular, the small set adequately reproduces the mean signed error (MSE), mean unsigned error (MUE), and root-mean-square error (RMSE) of the full set.
A modern theorist has many quantum chemistry methods available for calculating thermochemical kinetics. In general, high level ab initio wave function theory (WFT) methods can give very accurate results, but they are very time-consuming. Semiempirical molecular orbital methods are computationally inexpensive, but less accurate and less reliable. Density-functional theory (DFT) has proven to be very efficient with an excellent performance-to-cost ratio. Multilevel methods can also achieve high accuracy with low computational cost by extrapolating the results of some low-level methods. In the present work a wide variety of methods covering various kinds of theory and basis sets has been tested against barrier heights for both the full data sets and the representative subsets for both non-HT and HT reactions. These methods are assessed according to their mean errors for calculating barrier heights and their computational scaling and costs in order to allow one to choose the theory level and basis set according to the required performance-to-cost ratio for applications of thermochemical kinetics. In addition, the mean errors presented here can be used to estimate the reliability limits of various methods of calculation.
Section 2 describes the methods and the database used in the present work, Section 3 describ the strategies for selecting a representative subset, Section 4 gives the results and discussion, and Section 5 gives our conclusions.
Methods and Databases

Theoretical Methods
In order to develop the new test sets, we used 205 methods (where a method is a combination of theory level and basis set) to calculate the barrier heights in the NHTBH38/04 
Basis Sets
The theoretical levels are combined with one or more of the following basis sets: 6-31B(d), and MIDIY.
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Note that 6-31+G(d,p) is abbreviated to DIDZ in some of our previous papers. We also note that MG3 is also known as G3LargeMP2 and identical to 6-311++G(3d2f,2df,2p) for H through Si and very similar to 6-311+G(3d2f) for P, S, and Cl. The MG3S basis set is identical to MG3 except that diffuse functions on hydrogen have been removed. The MG3T basis set removes all diffuse functions from the MG3 basis set.
Geometries, Spin-Orbit Coupling, and Software
All calculations in the present work used structures optimized at the QCISD/MG3 level with the spin-restricted formalism for closed-shell and the spin-unrestricted formalism for open-shell systems. The effect of spin-orbit coupling was added to the energies of the Cl, F, and the OH radicals, which lowers their energies by 0.84, 0.38, and 0.20 kcal/mol, respectively.
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All single-level and CBS electronic structure calculations in this work were performed using the Gaussian03 package except that B97-3, M05, M05-2X, M06-HF, M06-L, PW6B95, we used the spin-restricted formalism for closed-shell calculations and the spin-unrestricted formalism for open-shell calculations. For CCSD(T), we used a spin-restricted calculation to obtain the orbitals, but a spin-unrestricted correlated calculation.
NHTBH38/04 Database
The NHTBH38/04 6 database for non-hydrogen-transfer reactions consists of 6 heavy-atom transfer reactions, 4 bimolecular nucleophilic substitution reactions, 4 unimolecular nucleophilic substitution reactions of ion-dipole complexes that produce product ion-dipole complexes, and 5 non-nucleophilic-substitution unimolecular or association reactions. This database is repeated in Supporting Information. The details of the database are presented in Ref. 6 . As explained in more detail in Ref. 6 , three of the 19 forward barrier heights are semi-experimental (meaning that they are derived by correcting calculated rate constants to agree with experimentally observed ones), and the other 16 are based on Weizmann-1, 6, 92 and Weizmann-2 92, 93 calculations.
The reverse barrier heights are obtained from the forward barrier height and the energy of reaction. All barrier heights, in both directions, are zero-point-exclusive.
Strategies for Selecting a Representative Subset
Since the NHTBH38/04 database contains three different types of reactions, we should select a subset that can represent all the reaction types, e.g., the reactions of the subset should not come from only one or two of these types. Here, we used two strategies to select the representative subset.
Strategy A
In this strategy, we selected a small subset that represents the whole database with the minimum root-mean-square deviation (RMSD) between three error measures, mean signed error, mean unsigned error, and root-mean-square error (MSE, MUE and RMSE) calculated using NHTBH38/04 and the same error measures calculated using the subset (SS), e.g., the deviation between the MSE using NHTBH38/04 (MSE(NH38)) and the MSE using the small subset (MSE(SS)). In this strategy, all the subsets must contain at least one reaction from each reaction type. This restriction guarantees that the representative subset is meaningful for whole database. The RMSD is calculated by using Eq. 1.
where n is the number of methods used to generate representative test sets, in particularly n=154. The mean error (ME) is then defined by
which is calculated only once for whole database. Finally, we calculated the percentage error in representation (PEIR) using
Note that although the present study includes 204 methods, we used n=154 in the above statistical analysis, because we excluded the six semiempirical molecular orbital methods at this stage because they increase PEIR significantly, and the other 44 methods were only used to calculate the representative subsets.
This choice of 154 methods yields ME=5.26 kcal/mol. The value of RMSD and PEIR were calculated for each possible subset of reactions in the NHTBH38/04 database, and the subset for a given number of reactions is the one with the smallest PEIR.
Results and Discussion
4.1 The Large Non-Hydrogen-Transfer Database Table 1 contains mean signed and unsigned errors for NHTBH38/04 for 160 methods.
Representative Databases
In order to select a representative subset of NHTBH38/04 database, at least three reactions are required, which represent the three reaction types in the database. Hence, we calculated a series of the most representative subsets consisting of 3 to 9 reactions according to strategy
A (see Fig. 1(a) ). The 9-reaction representative subset gives the lowest PEIR, namely 12.8%, and it consists of 3 reactions for each reaction type. Encouragingly, strategy B also selected the same reactions for the representative subset, so the results of strategy A and B are consistent with each other. The 3-reaction subsets for HAT, NS, and UA reactions according to strategy B have similar PEIR, which are 12.4%, 9.2%, and 11.1%, respectively (see Fig. 1(b) ). We call these representative subsets HATBH6, NSBH6, and UABH6, respectively. In a previous paper, 7 we have identified a representative data set for hydrogen-transfer reactions, namely BH6. We may label this BH6 database more explicitly as HTBH6 in the present paper. The combined set of these four representative databases is called DBH24, where D denotes diverse, and it is given in Table 2 . As explained more fully in Ref. The HATBH6 data set is based on three reactions involving nitrogen, fluorine, and chlorine The subsets of non-hydrogen-transfer and hydrogen-transfer barrier heights yield errors that are representative of their respective errors using NHTBH38/04 and Database/3, respectively. Table 3 gives the errors calculated using the HATBH6, NSBH6, and UABH6 subsets. The size of the representative subsets is less than half of the whole NHTBH38/04 and using these subsets can significantly reduce the computational cost for testing and developing new theoretical methods.
Assessment of Methods
We have tested 160 methods against the full NHTBH38/04 database and 153 methods against both the non-hydrogen-transfer and hydrogen-transfer representative barrier height databases.
All the mean errors (MSE and MUE) by these methods are given in Table 1 for non-hydrogentransfer full data set and in Table 3 for both non-hydrogen-transfer and hydrogen-transfer representative subsets. We also tabulated a value for MMUE (mean MUE) as defined,
in Table 1 or
in (sometimes called resolution of the identity) employs auxiliary basis functions to represent the electron density; in this way, the four-center two-electron repulsion integrals are decomposed into three-and two-center integrals, reducing the formal scaling from
Non-Hydrogen-Transfer Reactions
Among the tested multilevel methods, G3SX gives the lowest mean errors. The MMUEs of G3SX(MP3) and BMC-CCSD are identical and a little bit higher than that of G3SX, and the MMUE of BMC-CCSD is only 13% higher than that of G3SX(MP3). But the computational cost of BMC-CCSD is about 6 times smaller than that of G3SX(MP3) and 9 times smaller than that of G3SX. The MLSEn+d methods give good performance for neutral systems, but are not as good for general charged systems since they lack diffuse functions in their basis sets.
Among the ab initio WFT methods in Table 1 Among the hybrid DFT methods in Table 1 , BMK, PWB6K, BB1K and MPWB1K are the best performing methods with regards to their MMUE, and they give even higher accuracy than some multilevel methods for calculating BHs of non-HT reactions. M05 gives the lowest MUE for NS reactions, and B1B95 gives the lowest MUE for UA reactions. The B3LYP * functional improves upon the B3LYP functional (see Table 3 ) by reducing HF exchange energy from 20% to 15%.
Among the local DFT methods in Table 1 
The Diverse DBH24 Database
For 108 of the 160 methods in Table 1 plus 44 new methods, we list mean unsigned errors for DBH24 in Table 3 . The mean errors of HATBH6, NSBH6, and UABH6 shown in Table 3 are consistent with those of the full data set shown in Table 3 . This illustrates the representative quality of these subsets. Table 3 also gives the mean errors of hydrogen-transfer reactions with the HTBH6 data set. Table 3 shows that the quality of all the tested methods in Table 3 for calculating hydrogen-transfer barrier heights correlates well with their quality for calculating non-hydrogen-transfer barrier heights. Mean errors of non-hydrogen-transfer representative data sets for the methods shown in Table 1 but not in Table 3 are given in Table S2 of Supporting Information.
In Table 3 we compare several basis sets for DFT methods. We found that the MG3S basis set is both less expensive and more accurate than the aug-pc2 basis set for DFT methods, although aug-pc2 was specially designed 72 for use with DFT methods. The aug-pc1 basis set is 16 times less expensive than aug-pc2, but its MMUE is higher than that of aug-pc2 by only about 0.6 kcal/mol (2.00 vs. 1.43 kcal/mol). Hence aug-pc1 has a better performance-to-cost ratio than aug-pc2. But it is still less accurate than the 6-31+G(d,p) basis set, at least for the MPWB1K functional. We also tested the 6-31+G(d,p) basis set with several other functionals, and we found that it is competitive with MG3S because, although its computational costs are about 7-10 times faster, its MMUEs are slightly higher than those of MG3S. But 6-31G(d,p)
gives much higher MMUEs, in particular for NS reactions, due to its lack of diffuse functions, a subject we have discussed previously.
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According to our calculations, MG3S gives the best performance for barrier heights among the tested basis sets for DFT methods.
Since the SCC-DFTB method lacks parameters for halogens, we only calculated barrier heights for UA reactions, HTBH6 reactions, and two HAT reactions (H + N 2 O −→ OH + N 2 and its reverse) with this method. SCC-DFTB gives better results than the NDDO semiempirical molecular orbital methods for UA reactions with a 9.78 kcal/mol MUE, and it overestimates the barrier heights for UA reactions on average by only 1.00 kcal/mol. But the MSE of full UA reaction barrier heights (see Table 1 ) becomes -3.47 kcal/mol. The MSEs of full data set and representative subset are not consistent with each other because DBH24 doesn't have the representative quality for semiempirical methods since these methods were not used to select the representative subset as we discussed in Section 3. Table 4 summarizes the best methods when methods are judged solely on the basis of the accuracy of the predicted barrier heights, the cost of the method, and its scaling. Any method not in Table 4 performs less well for DBH24 than at least one method in Table 4 
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Therefore Table 5 lists some additional recommended methods with performance for barrier heights almost as good as those in Table 4 and with good overall quality on a performance-for-a-given-cost basis.
Conclusions
Three small but representative data sets, HATBH6, NSBH6, and UABH6, are identified for the barrier heights of heavy-atom transfer, nucleophilic substitution, and unimolecular and association reactions, respectively. They are representative of the full data set within 12%
(HAT), 9% (NS), and 11% (UA), respectively. We combine these data sets with a previous small representative data set for hydrogen-transfer reactions to create a diverse representative data set of zero-point-exclusive barrier heights called DBH24. The cost for each method is measured by the computer time for an energy gradient calculation of phosphinomethanol divided by the computer time for an MP2/6-31+G(d,p) energy gradient calculation with the same software (except semiempirical molecular orbital methods, see text) on the same computer. The double entries of local DFT methods correspond to with/without density fitting.
c Although CBS methods are defined to use a lower-level geometry and are not normally employed in gradient calculations, we include a timing here so that the reader can judge their approximate cost on the same basis as the other methods. This timing is estimated as 49 times the cost of a single-point energy, since that is the cost of a numerical gradient for phosphinomethanol when using the Gaussian03 program. 12.88
